We present high angular resolution 13 CO (J=1-0) and C 18 O (J=1-0) maps of the W49A molecular cloud complex. The entire ∼20 × 20 area centered on the ultracompact HII region W49N-G was observed in the 13 CO line with a 17 (HPBW) resolution, while the central ∼3 × 3 area was covered in C 18 O. The 13 CO and C 18 O line profiles toward W49N-G show a similar shape with a constant intensity ratio of 6, suggesting that both lines are optically thin. We identified 14 separate features (MHH-1 to MHH-14) from the 13 CO velocity channel maps, most of them distributed within an area 6 (20 pc) in diameter with their total mass amounting to 1.7 × 10 6 M .
the W49A molecular cloud complex. The entire ∼20 × 20 area centered on the ultracompact HII region W49N-G was observed in the 13 CO line with a 17 (HPBW) resolution, while the central ∼3 × 3 area was covered in C 18 O. The 13 CO and C 18 O line profiles toward W49N-G show a similar shape with a constant intensity ratio of 6, suggesting that both lines are optically thin. We identified 14 separate features (MHH-1 to MHH-14) from the 13 CO velocity channel maps, most of them distributed within an area 6 (20 pc) in diameter with their total mass amounting to 1.7 × 10 6 M .
The features have a three dimensional velocity dispersion of 8 km s −1 , which leads to a mean free time per feature of 10 6 yr. This suggests that they are interacting one another in the region ∼20 pc in diameter. Among the features, MHH-1 corresponding to W49N is unique in that it exhibits a large velocity width (15 km s −1 FWHM) and is compact in size (2.3 pc × 3.0 pc FWHM) while containing a large mass of 2.4 × 10 5 M , which indicates the free fall time of MHH-1 of order 10 5 yr, an order of magnitude smaller than that of the entire complex. It has turned out that MHH-1 has a smaller spatial width at V LSR < ∼ 8 km s −1 than at > ∼ 8 km s −1 . This result, together with the line profile characteristics of various optically thin lines, suggests that at least two massive clouds with different radial velocities exist toward MHH-1.
Introduction
The W49A molecular cloud complex, producing clusters of massive stars (Alves and Homeier 2003) , is one of the most luminous and active star-forming regions in the Galaxy located at a distance of 11.4 ± 1.2 kpc (Gwinn et al. 1992) . The thermal radio source W49A has been resolved into numerous compact HII regions mainly grouped into W49 North (hereafter called W49N) and W49 South (hereafter called W49S) (cf. Dreher et al. 1984; De Pree et al. 1997) . W49N contains the brightest HII regions including a ring of ultracompact HII (UCHII) regions (Welch et al. 1987 ) and hot cores (Wilner et al. 2001; Miyawaki et al. 2002) . The brightest UCHII component G (e.g., Dreher et al. 1984; De Pree et al. 1997) has the strongest H 2 O masers in the Galaxy (e.g., Walker et al. 1982) . W49S is a "cometary" UCHII region (Wood and Churchwell 1989) located ∼2 southeast of W49N.
Large scale distribution and structure of molecular clouds including W49A are seen in the recent BU-FCRAO 13 CO (J=1-0) galactic plane survey (Simon et al. 2001) . The giant molecular cloud associated with W49A was first identified by Scoville and Solomon (1973) . Mapping W49A in the CO (J=1-0) emission, Mufson and Liszt (1977) found two velocity components at V LSR = 4 km s −1 and 12 km s −1 . They suggested that two giant molecular clouds both centered on W49A are interacting and have triggered the active star formation in this complex. Miyawaki et al. (1986) (hereafter MHH86) presented a detailed study of W49A in the CS (J=1-0) emission at an angular resolution of 34 , revealing that the mass of ∼10 5 M is concentrated in a core of 3.4 pc in diameter toward the continuum peak of W49N, which makes the core unstable to gravitational collapse. Because the optically thin C 34 S line shows two velocity components with different spatial distribution observed in its main isotope, MMH86 suggested that two giant molecular clouds have interacted and triggered the formation of the unstable core that is undergoing a "burst" of massive star formation, supporting the interpretation of Mufson and Liszt (1977) . Multi-transition studies of CS and C 34 S toward W49N revealed that the cloud core consists of three main dense clumps with a few 10 4 M each; two nearside clumps among the three have a systemic velocity of V LSR = 12 km s −1
while the other clump has a velocity of 4 km s −1 , which supported the cloud-cloud collision interpretation to form the unstable core (Serabyn et al. 1993) . Welch et al. (1987) proposed from their interferometric HCO + observations that a massive molecular envelope is freely infalling toward the ring of UCHII regions at the center of the core. The presence of infalling gas is consistent with the observations of H 2 CO absorption features at 2 cm and 6 cm toward W49A (Dickel et al. 1990 ) and with the interferometric observations of CS (J=2-1) (Dickel et al. 1999) , although the infalling interpretation of CS line profiles for its J=2-1 and other transitions is not unique (Williams et al. 2004) . The presence of infalling gas around the W49A UCHII regions seems to be a natural consequence of the gravitationally unstable core, although the cause of such an infall has not been well understood. This is because the W49N molecular cloud core is located so far away in the Galaxy as well as it has a large extinction: near-infrared, or even mid-infrared, radiation is absorbed or scattered by dust in the core (Smith et al. 2000; Conti and Blum 2002; Alves and Homeier 2003; Homeier and Alves 2005) . The star forming activities in the core are thus probed mainly by the radio and X-Ray observations (e.g., De Pree et al. 1997; Tsujimoto et al. 2006) . In this paper, we present high angular resolution maps of W49A in the spectral line of 13 CO (J=1-0) together with smaller scale maps of C 18 O (J=1-0). We will then discuss the structure and kinematics of the cloud core.
Observations
We observed the W49A molecular cloud with the 45-m radio telescope of Nobeyama Radio Observatory (NRO) 1 in 2000 May. The receiver front-end was the 9 element, doublesideband, focal-plane SIS receiver BEam Array Receiver System (BEARS), which had a beam separation of 41. 1. We mapped an area of ∼20 × 20 covering the entire region of W49A with the 13 CO (J =1-0) line (110.210354 GHz) by shifting the telescope at a step of one half the beam separation (20. 55). The central ∼3 × 3 area was also mapped with the C 18 O (J =1-0) line (109.782182
GHz). One element of BEARS was not available during our observing run because of a technical problem, and we used 8 elements. The half-power beamwidth for each beam was estimated to be 17 at 110 GHz and was similar to the observing grid spacing. We used a 2048 channel acousto-optical spectrometer (AOS-W) for the backend, which provided a total bandwidth of 250 MHz with a frequency resolution of 250 kHz (0.87 km s −1 ). Spectra were obtained in the position-switching mode. The reference center for the mapping was taken to be α(1950)
• 01 15. 5, which is the position of the component G of the thermal continuum emission observed by Dreher et al. (1984) . The reference center was observed
1
The Nobeyama Radio Observatory is a branch of the National Astronomical Observatory, National Institutes of Natural Sciences recurrently so that the variation of the system gain was monitored. All the observing points except for those at the mapping edges were observed equally with the eight different beams of the array receiver so that the gain differences (20% rms) among the beams were averaged. The line intensity is reported in terms of the antenna temperature T * A corrected for atmospheric and ohmic losses (Ulich & Haas 1976) . The main beam efficiency of the 45m antenna was estimated to be 0.45 at 110 GHz. The pointing of the antenna was checked during the observations by monitoring the SiO maser emission of R Aql at 43 GHz every 2 hours, and was found to be accurate within 5 . The pointing offset between the BEARS and 43 GHz receivers was measured beforehand by the observatory and was compensated during the observations. The data was reduced with the software package NewStar of NRO.
Results

The
13 CO (J =1-0) Emission It also exhibits a secondary dip at V LSR ∼17 km s −1 with broad line wing emissions in both redand blueshifted velocities corresponding to molecular outflows (Scoville et al. 1986 This ratio is close to the ordinary abundance ratio (5.5) of these two isotopes, suggesting that both 13 CO (J=1-0) and C 18 O (J=1-0) lines are optically thin while the 12 CO line is optically thick. Figure 2 shows the distribution of 13 CO (J =1-0) emission integrated over the velocity range of −5 to 25 km s −1 superimposed on the 8 µm infrared image taken from the Spitzer Space Telescope archive.
2 Although the area of 20 × 20 was observed in 13 CO (J =1-0), only the inner 14 × 14 where the emission was detected is shown in Figure 2 . The 13 CO (J =1-0) map overall agrees well with the 8 µm emission, which arises from hot dust grains in the HII regions. The strongest peak of the 13 CO emission corresponds to W49N where the ring of HII regions is located (Welch et al. 1987) , with weaker emission features extending to the north, southeast and southwest. The northern extension is ∼2 long. The southwest extension is ∼4 long with 2 Work based in part on the Spitzer/GLIMPSE survey made with the Spitzer Space Telescope, which is operated by the Jet Propulsion Laboratory, California Institute of Technology under a contract with NASA. Support for this work was provided by NASA through an award issued by JPL/Caltech.
a feature coincident with W49SW located at 1. 5 from W49N. The southeast extension reaches the second strongest peak near W49S, where the feature ramifies into two filaments of ∼4 long each; one extends to the east and the other to the south-southeast, forming a V-shaped feature opening to the southeast. There are other weak emission features seen at ∼5 east of W49N. Figure 3 shows the velocity channel maps of the 13 CO (J =1-0) emission averaged over 1 km s −1 interval at the LSR velocity noted on each panel. The 13 CO emission in each velocity channel appears to consist of many, relatively well-confined clumpy or filamentary features, with the brightest emission associated with W49N, W49S and W49SW at most of the velocities. Eye inspection of the figure resulted in our identifying 14 separate features listed in Table 1 , where minor emission patches sharing a similar velocity trend are grouped into one feature. The feature MHH-1 is a compact, strong emission coincident with the group of UCHII regions W49N. This feature is detected over a wide velocity range from V LSR = −3 to 19 km s −1 . MHH-2 is another compact feature located between W49N and W49S. This feature is well defined at V LSR = −3 -+3 km s −1 , becomes weaker moving to the east at larger velocities, and mingled with MHH-9 at > ∼ 9 km s −1 . MHH-3 is also a compact feature seen at −2 -+5 km s −1 located at the UCHII region W49SW-Q. MHH-4 is a chain of weak emission knots at the velocities of 1-3 km s −1 located 3 -5 south of W49S. A weak 8 µm emission was seen in Figure 2 coincident with the southernmost clump of the MHH-4 chain. MHH-5 is a feature elongated in the northwest to southeast direction at the south of W49S with a velocity ranging from 3 to 7 km s −1 . It forms part of the V-shaped feature noted above. MHH-6 and MHH-7 are weak, extended emission features located at 8 and 6 east-northeast of W49N, respectively. These two features are seen at 3 -7 km s −1 and 4 -14 km s −1 , respectively. MHH-8 is located at the west-southwest of W49SW seen at the velocity range from 5 to ∼9 km s −1 , above which velocity the emission is smoothly connected to MHH-12 located farther away from W49SW. MHH-9 is located at ∼1 north of W49S around V LSR = 9 -14 km s −1 , although its velocity is not well determined. On the opposite side of MHH-9 with respect to W49S, MHH-10 is seen between W49S and the northernmost part of MHH-5 at 8 -13 km s −1 . MHH-9 and MHH-10 seems to converge into MHH-14, which coincides with W49S, at V LSR = 15 km s −1 . MHH-11 is an extended feature seen at 11 -16 km s −1 forming the V-shaped feature opening toward the southeast with MHH-9, MHH-10 and MHH-14 located at its apex. The "cometary" geometry of W49S may be related to the presence of MHH-9, MHH-10, MHH-11, and MHH14, implying that the northeastern part of the UCHII region is density bounded. Figure 4 shows position-velocity diagrams of the 13 CO (J =1-0) emission along the three different cuts A-A', B-B' and C-C' shown in Figure 2 . The cut A-A' is along the galactic longitude at b=0.
• 7, which is on W49N and passes near W49SW. The cut shows a predominant emission corresponding to MHH-1 (W49N) covering a wide velocity range of −3 to 19 km s −1 .
The spatial extent of MHH-1 is compact (42 FWHM) at V LSR (Figure 4 ), the MHH-1 emission is compact at 4 km s −1 (33 FWHM) and more extended at 12 km s −1 (46 FWHM).
Discussion
Interpretation of Molecular Line Profiles toward MHH-1
There has been much discussion about the nature of the wide velocity width (15 km s Mufson and Liszt (1977) , based on the argument that the peak radial velocities of recombination lines lie between the velocities of the two peaks seen in the 12 CO line emission, discussed that the similarity of 12 CO and 13 CO line profiles implies the existence of two clouds and that an HII region lies between them. Phillips et al. (1981) found that the 12 CO emission is optically thick by comparing the J=1-0 and J=2-1 line profiles of 12 CO. They showed that the 12 CO and 13 CO lines do not have the same shape, concluding that the dip at V LSR = 8 km s −1 is due to an optically thick absorption by cold foreground gas. Most of the later studies that detected lines with deep 8 km s −1 dips reached this conclusion. Jaffe et al. (1987) observed W49A with the J=7-6 transition of 12 CO, which traces regions of both high temperature and density without being affected by cold, less excited foreground gas. They discussed that W49A consists of a cloud with a large velocity dispersion of 14 km s −1 because the J=7-6 spectrum has a single peak. Their data, however, did not have high signal-to-noise ratio or high velocity resolution. Subsequently, Boreiko and Betz (1991) presented the line profile of the J=9-8 transition of 12 CO, finding that the 12 CO (J=9-8) line
has two peaks at V LSR = 3.0 km s −1 and 12.4 km s −1 . They suggested that it is difficult to envision physical conditions if its dip is due to self-absorption and maintained a combination of both alternatives, self-absorption and two clouds. MHH86 showed that, although 12 CO does have an absorption dip, the optically thin is located just at the center of the two peaks (7.5 -7.9 km s −1 ) for 13 CO (J=1-0) and C 18 O (J=1-0), which have comparable 4 and 12 km s −1 peak intensities. On the other hand, the dip is located relatively at a redshifted velocity of 8.8 km s −1 for HCO + (J=1-0), which has the 4 km s −1 peak intensity stronger than that of the 12 km s −1 component. The C 34 S (J=1-0) line (MHH86) shows an opposite tendency to HCO + such that its dip is at 6.5 km s −1 as a result of the 12 km s −1 peak intensity stronger than that of the 4 km s −1 component. We can naturally understand these facts in terms of two clouds with different velocities existing toward MHH-1, and the relative line intensities for the two clouds differ from one molecular line to another reflecting their different physical and chemical conditions. Serabyn et al. (1993) mapped the region of ∼1 ×1 toward MHH-1 with rotational transitions of CS and C 34 S in a wide range of excitation from J=3-2 to J=10-9. They found three massive clumps toward MHH-1, one possessing a typical radial velocity of 4 km s −1 and the other two having 12 km s −1 , consistent with the above interpretation derived from optically thin lines. They also showed that the 4 km s −1 clump exists between the two 12 km s −1 clumps located at ∼18 northeast and ∼14 southwest of the 4 km s −1 clump. This result is consistent with our result that the 4 km s −1 component is compact while the 12 km s −1 component is more extended. Serabyn et al. (1993) also suggested that the kinematics of the CS clumps supports the hypothesis of cloud-cloud collision. We conclude that, although optically thick lines with low excitation are affected by the foreground absorption at 8 km s −1 , at least two massive clouds with different velocities exist toward MHH-1. Lower transitions of optically thick lines are significantly affected by the cold, foreground absorption gas and are not suitable for the detailed study of MHH-1. On the other hand, optically thin lines and optically thick lines arising from higher excitation levels are much less affected by the foreground gas, and we can probe detailed structure of MHH-1 with them.
Physical Properties of the Massive 13 CO Features
The mass of each molecular feature identified in Table 1 was derived from its column density multiplied by its FWHM size as is described below. The column density of 13 CO is calculated under the ordinary LTE assumption that all the rotational levels are populated with a single excitation temperature, T ex (K), which is equal to the gas kinetic temperature measured by the 12 CO emission. The 13 CO optical depth τ ( 13 CO) and column density N( 13 CO) in units of molecules cm −2 are estimated from the following formulae:
and N( 13 CO) = 2.42 × 10 The excitation temperature of 13 CO, T ex , should be set as that of 12 CO observed at the same angular resolution. Our available 12 CO data (Miyawaki et al. unpublished) show the antenna temperature of 8-16 K toward the region within 4 from the W49A UCHIIs, implying the 12 CO excitation temperature, or the gas kinetic temperature, of more than 20 K and as high as 40 K toward MHH-1 (W49N). We hence used T ex =40 K for MHH-1 and 20 K for other features even if they are located outside the 12 CO mapping area. Although previous studies with lower angular resolutions used T ex =10 K to derive physical parameters (e.g., Yonekura et al. 1997; Kawamura et al. 1998; Simon et al. 2001 ), we did not follow this because T ex as low as 10 K is not always consistent with the brightness temperature of 13 CO of the present data.
The derived 13 CO column density will decrease by ∼30 % if we use T ex =10 K instead of 20 K.
With a conversion factor of [H 2 / 13 CO]= 5×10 5 (Dickman 1978) , the 13 CO column density was converted to the H 2 column density, which was multiplied by the FWHM size of each feature to derive the mass shown in Table 1 . The feature MHH-1, corresponding to the compact core W49N, has a mass of 2.4×10 5 M . This mass is comparable to (0.5-2.5) ×10 5 M measured by the CS emission (MHH86), and is somewhat larger than 4×10 4 M derived from the CO (J=2-1) emission (Schloerb et al. 1987) or 5 ×10 4 M estimated from the 1 mm continuum emission (Westbrook et al. 1976) . It is remarkable that MHH-1 is so compact (0. 7 × 0. 9 or 2.3 pc × 3.0 pc) that, if we assume that its overall shape is more or less spherical, the average density probed by 13 CO is 4 × 10 5 H 2 cm −3 , which gives a free fall time scale of 10 5 yr. The Orion A molecular cloud, for example, has a total mass of ∼10 5 M (Maddalena et al. 1986 ), but its size (geometric mean of the CO emission area) is ∼40 pc and is ∼20 times larger than that of MHH-1. The total mass of W49A is 1.7 × 10 6 M , relatively large for a mass of a giant molecular cloud. Considering systematic errors, we may say that this mass is consistent with 4.8 × 10 5 M estimated from a large scale 13 CO map at a lower resolution (Simon et al. 2001) or with the dynamical mass of 1.0 × 10 6 M (Simon et al. 2001 ).
Interaction of Massive Features in W49A
The present high resolution 13 CO (J=1-0) mapping has revealed the detailed structure of the entire W49A molecular cloud complex, showing 14 massive features. Figures 1 and 3 show that most of the 13 CO features associated with W49A are confined within a region ∼6 in diameter, corresponding to 20 pc, although there are some features located outside this region. Large scale 13 CO observations by Simon et al. (2001) also revealed that the significant emission from W49A is concentrated in this spatial scale. Among the 14 identified massive 13 CO features seen in the velocity channel maps (Figure 3 ), MHH-1 (W49N) appears to be unique. The 13 CO emission of MHH-1 is spatially well correlated with the Spitzer 8 µm image (Figure 6 ) or the 3.6 cm UCHIIs (Figure 7; De Pree et al. 1999) , suggesting that it is the center of active star formation in the W49A complex. MHH-1 is compact showing a strong C 18 O concentration ( Figure 5 ) and has an exceptionally wide molecular line width as seen in the position velocity diagrams (Figure 4 ). Let us now consider the dynamical state of W49A consisting of these massive 13 CO features. Their peak velocities, positional offsets with respect to MHH-1, and projected distances from the geometrical center are listed in Table 1 . We regarded MHH-1 as two features with the velocities of 4 and 12 km s −1 following the discussion in the previous section. This means that the total number of identified features is N=15. The average of the projected distances from the geometrical center to these features is 3. 2, consistent with their apparent distribution concentrated in a region 6 in diameter. The root mean square of radial velocity calculated from the peak velocities of the features is σ=4.6 km s −1 , giving a three dimensional velocity dispersion of 8 km s −1 . The crossing time of a sphere of 6 (20 pc) in diameter with this velocity is 2.4 × 10 6 yr, which is significantly smaller than the life time of a giant molecular cloud (∼10 7 yr; Bash et al. 1977) . It is thus conceivable that the observed massive features are moving around in the gravitational potential well of the entire W49A complex. The massive features have large cross sections as is shown in the FWHM sizes in Table 1 , which implies that, while moving around in the gravitational potential, they have chances to collide with one another. The mean free time is ∼10 6 yr for a cloud of 1 (3.3 pc) in diameter and a velocity of 8 km s −1 to collide with one of the other features that have the same diameter of 1 randomly distributed in a sphere of 20 pc in diameter. The time scale is similar to the free fall time of these massive features in the gravitational potential created by the total mass of 10 6 M , suggesting that each feature has a significant probability to collide with another in one orbital period of motion in the potential well. Collision of the observed massive features may influence their gravitational stability. It is not obvious, however, that cloud collision triggers gravitational instability in one of the collided clouds. Lattanzio et al. (1985) , for example, simulated cloud collisions with a wide variety of conditions such as Mach numbers, impact parameters and mass ratios, showing that a necessary condition for the gravitational instability is that the initial clouds should be either marginally stable or unstable according to the usual Jeans criterion. Habe and Ohta (1992) , on the other hand, carried out numerical simulations of head-on collisions between two clouds with different sizes and densities, showing that the smaller cloud is compressed by a bow-shock forming a compact clump, while the larger cloud is disrupted by the shock. They found that the initial mass of the smaller cloud can be well below the Jeans mass for the compact clump to be gravitationally unstable.
According to these two simulations, we may expect that the observed massive 13 CO features may survive without causing gravitational instability even if they may frequently experience oblique collisions. If in a rare case, however, a head-on collision between a small and a large features occurs, a compact clump may be formed and become gravitationally unstable. The compact and dense nature of MHH-1 is consistent with such a view that it has been formed by a rare head-on collision between two massive features with different sizes, which may be conjectured by the different linear dimensions between the 4 km s −1 and 12 km s −1 components (see §3.1). Other lines of evidence, such as the radial velocities of so-called "hot-core" molecules like SiO and SO or those of radio recombination lines located between the two peak velocities of MHH-1, also prefers the collisional origin of the unstable massive feature MHH-1.
Conclusions
We conducted large scale mapping observations of the W49A molecular cloud complex using 13 CO (J=1-0) and C 18 O (J=1-0) molecular lines. The main results are summarized as follows.
The
13 CO and C 18 O line profiles toward the ultracompact HII region W49N-G have similar shapes with an almost constant intensity ratio of 6 over the detected velocities, suggesting that both lines are optically thin. 2. Eye inspection of the 13 CO velocity channel maps resulted in our identifying 14 features named MHH-1 to MHH-14, the masses of which range from 10 4 to 4×10 5 M . They are distributed in a region ∼6 (∼20 pc) in diameter with a three dimensional velocity dispersion of 8 km s −1 .
3. The massive feature MHH-1 corresponding to W49N is unique in the sense that it exhibits a large velocity width (15 km s −1 ), contains a large mass (2.4 ×10 5 M ), and is compact (∼3 pc in diameter). This makes the free fall time scale of MHH-1 to be 10 5 yr, an order of magnitude smaller than that of the entire W49A molecular cloud complex with a total mass of ∼10 6 M .
4. Line profiles of various optically thin molecular lines, together with hot core molecular line profiles, and the different spatial width between the 4 km s −1 and 12 km s −1 components of MHH-1 suggest that at least two massive clouds exist toward MHH-1. 5. The time scale for a massive feature to cross the potential well of W49A (∼20 pc in diameter) is 2.4 × 10 6 yr. Because this is significantly smaller than the life time of a giant molecular cloud, it is expected that the observed massive features move around in the gravitational potential well of W49A and have chances to collide with one another. 6. According to simulations, cloud collisions do not always lead to the formation of a gravitationally unstable core. If a head-on collision, however, occurs between clouds with different sizes and densities, the smaller cloud tends to form a gravitationally unstable core, which may be applicable to the case of MHH-1.
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